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JUANriTATlVfi ULTRASONIC EVALUATION 
OP MECHANICAL PROPERTIES OP 


ENGINEERING MATERIALS 
Alai Vary 

National Aaconaucics and Space Adainistration 
LeaLs Research Center 
Clereland, Ohio 44135 

ABSTRACT 

Current progress in the application ot ultrasonic 
techniques to nondestructive aeasureaent of nechanical 
strength properties of engineering aaterials is reviewed. A 
hitherto doraant concept in nondestructive avaluation (NDE) 
is invoked: Even where conventional NDE techniques have 

shown that a part is free of overt defects, advanced NDE 
techniques should be available to confira the aaterial 
properties assuaed in the part's design. There are aany 
instances where aetalLic, coaposite, or ceraaic parts aay be 
free of critical defects while still being susceptible to 
failure under design loads due to inadequate or degraded 
nechanical strength. This aust be considered in any failure 
prevention scheae that relies on fracture analysis. This 
review will discuss tha availability of ultrasonic aethods 
that can be applied to actual parts to assess thair 
potential susceptibility to failure under design conditions. 
It will be shown that ultrasonic aethods will yield 
neasureaents of elastic aoduli, aicrostr ucc ure, hardness, 
fracture toughness, tensile strength, yield strength, and 
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Shear strength for a vide range of sateciaLs (including sany 
types of netals, seraiics, and fiber coeposites) . It will 
also be indicated that although aost of these aethods have 
been shown feasible in laboratory studies, aore work is 
needed before they can be used on actual parts in 
processing, asseably, inspection, and saintenance lines. 
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IMTBODUCTION 

It is true that the aost urgent problea In 
nondestructive evaluation (NDE) is usually that of flaw 
detection. Thus, the chief objective of ultrasonic NDE is 
the location and characterization of crackLike flaws and 
siailar iaperfections. However, the saae ultrasonic waves 
that are used for flaw detection can also be used for 
indirectly aeasuring the inherent strengths of unflawed 
aaterials. 

There is a growing consensus that the field of NDE 
encoapasses a wider area than aerely that of overt defect 
detection. Recent studies have shown that NDE aethods can 
suppleaent and in soae cases replace destructive tethods for 
characterizing the properties of engineering aaterials. The 
need for nondestructiva aethods for deteraining engineering 
properties as well as actual flaw detection has been a theae 
in a nuaber of previous papers^-*. 

In aany instances the NDE approach offers distinct 
advantages. In conjunction with traditional destructive 
tests, nondestructive techniques can be used to reduce the 
cost of aaterials testing. Accelerated tasting of new 
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■atttrials aould baoaflt fcoa ROB tachaoLogy aioce theca 
ifould bi leas need foe lacge« specialized, or eipaDsitre tast 
speciaeas. Noceotec# once conventional nondestructive 
inspection has either latected or shosn a particular part to 
be free of overt defacts, advanced MDE can confice the 
aaterial properties assuead in the pact's design, in this 
latter instance, NOE eethods would varify aaterial 
properties of an actual coaponent rather than relying on 
tabulated values based on prior screening tests. Ezaaples 
are the ultrasonic lateceination of bond strength in 
adhesive joints or fracture toughness of high strength 
structural coaponents. 

The chief purpose of this paper is to Indicate recent 
advances in the application of ultrasonics to the 
nondestructive evaluation of aaterial properties. A second 
purpose is to set forth a rationale for increased study and 
use of ultrasonics to characterize aaterial properties. It 
will be seen that ultrasonic aethods have deaonstrated 
capabilities both for direct assessaent of aechanical 
strength and for use in aaterials selection and developaent 
activities. The reviews given herein include brief accounts 
of recent and ongoing work at the KASA Lewis Research Center 
in the areas of ultrasonic evaluation of fiber coaposite 
strength and aetal fracture toughness properties. 
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BACKGROUND 

A consideration of fracture prevention principles and 
an analysis of failure causes leads to the recognition of 
the vital role of MDE in assuring the reliability of high 
perforeance aaterials*~'. Table Z lists satarial 
deficiencies that can reduce strength or perforeance. Table 
11 lists aaterial properties that can be evaluated 
nondestr uctively in efforts to reduce failura causes listed 
in table 1. 

To appreciate the role of NDE in aaterial properties 
deteraination, it is necessary to distinguisa bdtveea tvo 
kinds of flaus: First, there are those overt flaws that 
can be individually detected and characterized (e. g. , cracks 
in aetals, delaainations in coeposites) . Second, there are 
those flaws that are so nuaerous, aicroscopic, and dispersed 
that their presence is detected only in their effect on bulk 
properties (e.g., toughness, strength) . Dvert flaws or 
flaws of the first type are typically stress raisers and 
fracture nuclei. Dispersed flaws or flaws of the second 
type are those that predispose a aaterial part to failure 
even under design conditions. 

An exaapla of the utility of ultrasonic NOE is provided 
by the requireaents for deteraining and verifying the 
fracture toughness of high strength alloys***. The need for 
rapid and inexpensive tests for deteraiiing fracture 
toughness has lad to the investigation of ultrasonic 
correlations with fracture toughness factors**. The 


PAGE 6 


corcaittlons that bavt baaa datalopad lodlcata that pucaly 
ultrasoolc aathoda can ba uaad to vacify a aataclal's plana 
atrain fracture taughaass. in its prasaat fata, ultrasonic 
taughnass taating is gsaral prlsarily to laboratory tests of 
ssall aatal speciaans. Hare the aethod adapted for field 
applications, ultrasonic touchnass tasting could bacoae an 
iaportant inapactioa tool in addition to the detection of 
voids and cracks in fracture-prone coaponents. 

In the past, aatarial property characterization has 
baen the province of those branches of aatacials science 
that eaploy destructive test techniques or nondestructive 
tests on highly specialized speciaans. The relation of NDE 
to destructive testing (DT) and nondestructive testing (NOT) 
is illustrated in table III. Given the perspective of table 
III, NOB is seen as a bridge between eaterials research and 
hardware inspection. Underlying sciences are also indicated 
for the aajor areas in table Til. Physical acoustics, the 
scientific basis for ultrasonic NOE and NOT, is pivotal in 
the aeasureaent of the aaterial properties given in table 
II. An overview and illustrative casas of practical 
applications of physical acoustics in ultrasonic NOE are 
given below. 

TBCHNOLOGT OTBB?IEH 

There are, of course, nueerous techniques other than 
ultrasonic ones (a.g., radioaetry, eddy currant, etc.) that 
can be used for aaterial properties evaluation* *. Many of 
these are alternatives that can coapleaent or corroborate 
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altEABonic ■•aBUC*a«at«. A ravlait oC •ilstini] ultrasonic 
tocliaii]uas shows that coBsidscablo adwancss hav« baan aada 
in the sophistication of Claw detection and characterization 
■ethods* In addition, there is an eserging literature 
concerned with aaterials characterization through the 
ultrasonic assesssent of aicrostructure and elastic soduli. 
It will bo clear presently that ultrasonic signals recovered 
Cron satorial specisens cm be a rich source of inforsation 
relative to physical properties and saterial strength of 
engineering cosponents. Table IV sussarizas the current 
capabilities of ultrasonics for properties and strength 
characteriza tions. 

Progress in the use of ultrasonics for evaluation of 
■aterial strength related properties say be categorized into 
three overlapping stages: 

(1) Ultrasonic aaasuresent of elastic constants 

(2) Ultrasonic eeasuresent of aicrostructure 

(3) Ultrasonic naasuresent of sechanical strength 

The last sentloned stage is the least developed and 
cosprises the sain focus of this report. The second stage 
will be discussed in relation to practical applications of 
ultrasonic attenuation theory. The first stage has usually 
involved physical acoustics applied to crystalline and 
atoaic-scale phenosena. However, it will be evident that 
ultrasonic soduli (fornad by the product of valocity squared 
and density) are related to elastic soduli and hence 
strengths of polycrystaliine and cosposite saterials. 
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Phy>ic«l acsusties qanvrally •ocoipass«i tha study of 
wavs propagation and tho Intsrpratatlon of vslocity and 
attenuation effects in solids*^'**. Aeong ths objectives of 
physical acoustics ice the investigatioi of crystal 
isperfections, dislocition notions, internal friction, and 
elastic wave notions. The practical applications of 
physical acoustics Involve the following ultrasonic 
neasureaents which are prosinent in NDE: 

(1) Velocity ~ involving the analysis of 
longitudinal, transverse, and surface waves, and 
frequency dispersion* ** 

(2) Attenuation - involving the analysis of 
absorption, scatter, and frequency dispersion** ** ** 

(3) Resonance - involving the analysis of continuous 
wave interactions** 

(4) Spectrun analysis > involving pattern analysis of 
frequency spectra**"** 

(5) Acoustic eaission - involving analysis of 
siaulited or spontaneous signals esitted during strain 
or fracture** 

(6) Acoustic sicroscopy • involving direct isaging of 
sic^ostructuce, wave interferosetry **> ** 

The above sii aeasuresent sethods fora the basis of 
ultrasonic evaluation of physical properties and saterial 
strength. Host of the cases to be cited below involve 
recent efforts that illustrate feasibility rather than 
current practice. 
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XLLUSTIATXfl CiSBS 
BLastlc Hoduli 

Tba •arilsst applicationa of ultrasoaiss to aatariaLs 
charactaclaatioB iotolfad tha study of alastic constants* 
usually sltii spaciallxad upsclasns such as si.n^la crystals. 
This work laid tha foundations for ultrasonic 
characterisation of polyccyatalline* aaorphous* ml 

heterogeneous aaterials. 

Physical acoustics theory indicates that tha elastic 

behavior oi solils .'an be daternined by aeasurenent of 

ultrasonic eave propagation. The seasuresant of 

longitudinal (v ) and transverse (v ) velocities yield the 

t 

longitudinal (L) and shear (G) aoduli* respectively* where* 

L ■ pv^ and G • pv^ 

Por linear elastic* isotropic solids these two eoduli are 
sufficient to ccapletsly describe alascic behavior* given 
interconnecting relations with other soduli* a.g.* bulk 
Bodulus* Young's eolulus* Poisson's ratio*'. These 

relations provide a basis for ultrasonic correlations with 
nechanical strength properties even for less ideal 

aaterials. 

The nagnitudes of elastic constants are related 

directly to the strengths of sone groups of brittle 

aaterials* e.g.* concrete* ceranlcs* cast iron. Because the 
elastic Bodulus nay be daternined on the basis of 

longitudinal velocity* ultrasonic neasuranents can fora the 
basis for deternination of the tensile strength of 
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hlgb>i]ualitr c«at iC3a« for •iAai>l«*'. To loduca tha 
tansilo 8tr«Dgth io this casa also raijulras the 
datarainatioo of Bcinall hardness. Thus. by sating tao 
nondastL ucti ve saisurasants on a finishal articlu an 
isportant strength propartf can be verified. 

licrostructure 

Thera is a considerable literature built on the 
ultrasonic study of grain size in setais'A >o. sose of this 
literature grav froe the need to understand the effects of 
grains, boundaries, and inclusions on fiaa detection. 
Detection of ssall. critical flaas in sany setals is 
haapered by "grain noise". Thus, attenuation and velocity 
variations associated with grain size variations in various 
setals have been studied in conjunction with deteraining 
lisitations on ultrasonic flaw detection. In the process, 
strong correlations ware discovered asong ultrasonic wave 
transsission and aaterial sicrostrurture variations due to 
hardening, annealing, guenching. and cold wort. 

Ultrasonic velocity and attenuation seiauresents have 
been conducted with the object of verifying 
aiccostructure**-**. The coarseness and quantity of 
graphite in laaellar cist iron, tor esaaple. has been found 
to influence the velocity of longitudinal waves**. Since 
the asounts and fores of graphite affect the tensile 
strength of cast iron, velocity seasuresents can serve as a 
quality check for acceptance purposes. 

Ultrasonic valocity and attenuation seasuresents can 
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also provid* >juaiitf chscka for li^ht siitals such as 
aluainuB, sa^jorsius* tltaaiua, and thuir alloys. The 
•uchaaical strengths of tn«st satsrials ara intluoncud by 
ss>jr«^)ations, prscipltitas, ispuritiss, dlspirsoLds, alloy 
concsntra tionSf and so forth, shlch can bo asssssod by 
ultrasonic ssthods**. 

Relative differences in sicrostr uv't ure of 

polycrystalline and aiorphous solids can oa deceraiaea by 
ultrasonic spectrua anilysis>*. *'he influence of qrain size 
on frequency spectra has been desonstrated** . It is 
por A.b<e, for etasple, to ascertain che structural 

uifterences generated in carbon steels oy littarent heat 
treatsents by coeparison eith spectra obtained eith 
reference sasplee. Hent tr*’^t»ents viiver to toried articles 
can be verified during the fabrication proce . This 
capability leets a •{uality control requiraien* trejuently 
eipressed by steel processors. 

neasureaents of ultrasonic diffraction, dispersion, and 
scatterin*] can contribute to aaterial property ar.sessaent > '. 
Soae progress in this direction has been aide by precise 
aeasureaents of the frequenv/ dependence of velocity and 
attenuation**'**. It appears that indirect deterainat ions 
ot qrain size in polyc. ysta Iline aetals are possible through 
the aeasureaent o' the scatter attenuation coefficients 
and , nhv/te, 

o » f^ S and o » Df" Ssi 

I r s 

and 


The subscripts 


r 


s 


pertain to Rayleign and 
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■tochastic scattecing» rsspactivaly* wblla D is grain 
diaaatar, f Is frsqukiocy, and S is an axpscisantally 
dstsrsined scattscing factor. (Baylalgh scattering occurs 
Nhen ultrasonic wavslangtii is >D and stochastic scattering 
when vdvelength is <0. approxlsately. ) 

Acoustic sicroscopy affords advantages of direct 
sicrostructure isaging in the case of snail articles. The 
technique visually raveals localized variations in the 
elastic properties of saterlals**# Therefore, 
slcrostructural features that govern sound propagation eill 
appear in acoustic sicrographs. The technique persits 
ezasination and characterization of sicroelastic variations, 
grain structure, and aioro-inclusions. Both qualitative and 
quantitative assesssents of a wide range of ultrasonically 
transparent articles are possible. 

Hardness 

The nondestructiva aeasuresent of hardness in aetals is 
routinely accosplished chiefly by indentation test sethods. 
Oltrasonic sethods for hardness detersinati on have been 
studied as a key to rapid, on-Line product 
verification**”**. 

It has been found that ultrasonic velocity hardness 
■easureaents offer advantages over other lathods in the 
rapid sorting of salleable cast iron**. Ttte relationship 
between hardness and ultrasonic attenuation has also been 
desonstrated for sose steels**. Direct correlations were 
found between Rockwell>c hardness and the attenuation 
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co«fficl«at. 

In tha previously cited cases ultrasonic hardness tests 
Mere applied to tha aiaaination of bulk alcrostructural 
changes due to variations in heat treateent* density, and so 
forth. Becent studies have focused on hardness gradients 
associated with surface treatsents^o* <> . Ultrasonic surface 
waves are prosising iu tha seasuresent of variations with 
depth of properties such as density, case hardening, 
■echanical deforsation, and gas diffusion in netals. For 
exaeple, hardness gradients in quench hardened steel have 
been shown to correlate with the frequency dependence of the 
velocity of ultrasonic surface waves^o. 

Fracture Toughness 

The investigation of ultrasonic attenuation as a 
function of frequency has led to useful correlations with a 
variety of aaterial properties' The previous examples 
(under Nicrostructure and Hardness) eaphasized 
nondestructive evaluations of aaterial factors that are 
indirect indicators of strength. In tha case of netals 
there have been soaa indications of the potentials of 
ultrasonic aeasureaent of actual yield strength, iapact 
strength, and fracture toughness**-**. 

There are strong incentives tor ultrasonic toughness 
tests*-*. One of the sajor cost drivers in using fracture 
controlled aaterials in aircraft is the reguirenent to 
verify toughness levels of aaterials at receiving inspection 
and after any processing tnat nay adversely affect fracture 
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toughness. The sajoc drtwback of eiistiag sechanical 
destructive tests for detersining K , plane strain fracture 

I C 

toughness* is tha high costs of eachiniag and testing 
suitable speciaens. 

The fLasibility of ultrasonic eeasureedot of has 

been deaonstrated for tuo saraging steels and a titaniue 

alloy”. Eapiiical correlations were found between 

ultrasonic attenuation factors and K and a , the 0.2 

ic y 

percent yield strength* see fig. 1. The equation for fig. 1 
is* 


“y • ‘"ic * 


*1/“y • 6s>* 

where, v is velocity* is an ultrasonic attenuation 

factor* and and e are experiaental constants. In 

addition, figure 2 shows recent data that suggests a linear 
eapirical relation of the fora* 

C 

where* 3^ is an ultrasonic attenuation factor and A* B* and 
C are experiaental constants that depend on the aaterial 
involved”. Given the previous equations, it appears that 
the essential aeasureaents for deducing fracture toughness 
and yield strength can be aade by puraly ultrasonic 
techniques once calibration curves have been established for 
a (poly crystalline) aaterial’*. 

Bond Strength 

The question of adhesive bond strength arises most 


frequently in aerospace structures which eaploy metal and 
coaposite laainated joints”"’*. Ultrasonic resonance 
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■ethods ac« vidaly us«d in assaasinq the inteqcity of 
aetal* to-aetai adhealta bonds*'. The nondestructive 
estlaation of bond sheir strength is based on a foisula that 
incorporates the resonance frequency, f , adhesive 
thickness, t, eetal thickness, d, and elastic aodulus, , 
of the adhesive layer, 

£ . ^ 

The above equation is derived froe the relation betueen 
velocity and longitudinal sodulus given earlier: L = pv^. 
Strength correlation obtained by resonance tests are, 
therefore, ultiaately dependent on ultrasonic velocity in 
the adhesive layer. Application of the resonance aethod 
requires the establishaent of calibration curves for each 
individual joint configuration and adhesive systea. 

laproved aethods ace being sought to evaluate the 
actual strength of bond in layered structures* o. The 
assessaent of bond strength is currently being pursued by 
aeans of frequency spectrua analysis aethods that are 
considerably sore sophisticated than the previously 
aentioned resonance aethod. The resultant correlations of 
spectral patterns with bond strength are encouraging. 
Interconnecting ralacions between velocity and attenuation 
in adhesive aaterials are being studied in efforts to evolve 
purely ultrasonic aethods for predicting adhesive bond 
strength*®. 

Coaposite Strength 

Effective design and reliability assurance of coaposite 
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■at«ritls d«p«od on landastructiv* aethods Cor aeasuclBg 
aachanical propactias bafoca uaa and strength degradation 
during use. (In aoae Cibar coapoaicas, for aiaapLe, 

strangth degradation can folLou aoisture absorption and 
aatrii crazing.) 

One approach Cor inferring strengths of fiber 
reinforced coapoaites la that of velocity aeasureaents to 
deteraine elastic aoduli*>~**. This approach is based on 
the faailiar relations^ L ■ pv^, and G = pv‘. Another 
approach is that of aaasuring ultrasonic attenuation*^***. 
This latter approach is siailar to that of ascertaining 
grain size in aetals szcapt that the eaphasis usually is on 
deteraining aicrovoid content. Hicrovoids in fiber 
coaposites are known to be serious strength reducing 

factors. 

Ultrasonic attenuation aeasureaents afford a eeans of 

assessing aicrovoid content and hence (indirectly) aaterial 

strength. The total attenuation coefficient, of a 

aicrovoid containing aaterial is given by, 

a s a. ♦ a 
c b V 

where, a. is attenuation coefficient under void-free 

D 

conditions and a is attenuation coefficient due to 

V 

alcrovoids. (Both and aay be frequency dependent.) 

A problea peculiar to nany fiber reinforced coaposites 
is the high degree of anisotropy due to fibar orientation. 
Ultrasonic aethois for deteraining elastic constants aust 
adapt to this situation. The effect of fiber orientation on 
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tlastlc properties has been studied by use ot special 
ultrasonic transducer arranijeaents*****. The eepirical 
equation* 

Mas found to describe seven cosposite aateriils rinqinq froa 
qldss/epoiy to boron/aluainus*. The subscript o refers to 
fiber angle in a series of lasinate speciaens. Velocity, 
Mas Measured in-plane, i.e., parallel to the sajor surfaces 
of the laaina. Good correlations Mere obtained betMeen 
destructively aeasured tensile strength and the ultrasonic 
Modulus, L0. 

Correlations betueen ultrasonic attenuation and 

interldsinar shear strength (as aeasured by snort beaa shear 
tests) have also been deaonst rated* . In these 
instances, the ittenuition coefficient uas deterained by 
introducing pulsed ultrasound perpendicular to the aajor 
surfaces of tha liaina. Increased attenuation corresponded 
to lover interlaainar shear strength. 

An acoustic-ultrasonic aethod for fiber coaposite 

strength evaluation uas reported recently *■-' o. The aethod 
differs froa those described above in its use of siaulated 

acoustic enissions uhich are introduced into the coaposite 

laainate speciaens. The siaulated acoustic eaission signals 
are analyzed to aoteraine a "stress vave factor", c. The 
stress vave factor is a aired function of attenuation, 
velocity, and resonance in the laainates. The aethod for 
aeasuring c produces a nuaerical value that can rank 
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spaclasn laalnatas assocllng to straagth. Corcalations of 
c with coaposita sbaar atraagtb have been found for 
grapblte/polyiaida LaaLnatas. Uaing the stress aave factor 
in conjunction with vaLocity daaonstrated the feasibility of 
purely ultrasonic aethods for indirect aeasureaent of the 
iaterlaainar shear strength of fiber coaposite laainates**. 
For axanple, t, intarlaalnar shear strength, correlated 
with c and ? through, 

T» • ( (V - a) /(b - c) 

where, t* is an estiaator for t and Cf s* and b are 
eiper iaentally deteriined constants tor a particular 
coaposite aaterial, see tig. 3. (Both c and v were, in 
this case, aeasured with waves propagating in-plane and 
perpendicular to the fibers which were unidirectional.) 

Ceraaic Strength 

The ultrasonic evaluation of ceraaic aaterials of 
current technological iaportance presents spacial doaands. 
Silicon nitrides and carbides are exaaples of candidate 
aaterials for use in future high teaperatura engines, 
nicron-size voids and inclusions can constitute serious 
flaws in these ceraaics. Advanced high frequency ultrasonic 
techniques are needed siaply to detect flaws of this nature. 
On the other hand, these ainute flaws aay be distributed in 
large nuabers throughout the bulk of a ceraaic article and 
thus affect bulk properties that can be ultrasonically 
deterained without the need to detect individual flaws. 

The literature on ultrasonic evaluation of ceraaic 
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■at«rlals is doaiaatsd by studies at elastic wave 
propagation in fused silica, quartz, and other qlasses<^. 
Recent work on ultrasonic inspection of cerasics has 
generally dealt with slcrocrack detection and acoustic 
aslsslon sonltorlnq of crack qrowth. Sose atteapts have 
been nade to apply ultrasonics to seasure strength related 
properties of cerasics Intersetallics*, *>. There is a gap 
in NDB technology applicable to the evaluation of ceraeic 
cosponents. Ultrasonic sethods for verification of the 
density and aicrostructure of sintered and reaction bonded 
cerasics await ievelopsant. Neasuresant of ultrasonic 
Boduli in conjunction with destructive tests are needed to 


con firs 

saterial properties 

i n 

actual 

carasic parts. 

Ultrasonic sethods would be 

sost 

useful 

for seasuring 

elastic 

constants of carasic 

a nd 

other 

brittle and sesi 


brittle saterials (e.g., graphite) where other sethods 
produce either poor or no results*. 

ADDiriONkL CASES & C0NSIDEREATI3NS 
There are two sajor considerations that should guide 
the developsent of NDE technology for saterial strength 
eva lua tlon: 


(1) Verification and control of aatarial strength 
properties in actual parts. 

(2) Investigation and characterization of factors 
governing saterial strength properties. 

The first consldsration is a self evident counterpart of 
saterial specification, reliability assurance. 


reliability 


and 
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iaspactioo practices. The second consldecitloa requires 
adoption of the vies that KOI should be an integral part of 
saterials testing practices. 

In the usual conduct of destructive sechanical tests, 
specisens are inspected for disensional conforaity and overt 
flaws. However, little thought is given to the application 
of NOB aethods to confira the uniforaity or guality of 
aaterial speciaens. Data scatter of over t2 percent is 
often accepted as an inherent consequence of test 
procedures. The opportunity to reduce this scatter and to 
gain aore inforaation is available with the ultrasonic 
techniques cited previously in this paper. In particular, 
ultrasonic technology has deaonstrated capabilities for 
direct assessaent of strength related properties such as 
elastic aoduli, aicrostructure, hardness, toughness, etc. 

In addition to pretest aaterial characterization or 
property prediction, ultrasonics has proven utility for in 
situ aonitorning as, for exaaple, during fracture toughness 
testing**'**. In situ applications of ultrasonics can 
afford continuous aonitoring of aaterials undergoing theraal 
or aecbanical processing*. For ezaaple, velocity 
■easureaents during sintering of ceraaics can serve to 
follow the process of pore foraation. Distinct velocity 
changes observed during the process of polyaer hardening can 
be utilized for process control. Controlling the aelting 
process and phase foraation in aetallurgy can be 
accoaplishad by aonitoring changes in ultrasonic velocity 
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and stoppiDg th« proctsa at a critical staga. 

A caaa for tha addition of ultraaoaic aaaauraaants to 
dastcuctiva tast procaduraa ia illuatratad ia fig. 2. Bj 
coapariag tha plots tharain* it ia atidant that tha addition 
of an ultrasonically aeasurad factor introducad 
considarably aora coheranca to tha ralation bataaan fractura 
toughnass and yield strength. Accordingly, it say ha 
concluded that fracture toughness and yiald strength are 
linked to ultrasonic stress aasa propagation properties of 
polycrystallina satariils. It appears that in addition to 
detersining these aatarial propartias ultrasonic 
aaasureaants can be significant in indicating factors that 
govern toughness and strength**. 

The above aiaaplas suggest that ultrasonic 
interrogation of aaterials provides sore than aerely an 
assessaent of static characteristics but provides an 
indication of dynasic response. That is, ultrasonic probing 
can apparently aid in studies of stress save propagation 
factors that govern aaterial response under static, 
guasi-static, and dynaaic loading conditions* *~** . It has 
been observed, for eiasple, that polycrystallina, 
heterogeneous aaterials eihibit a distinct velocity 
dispersion (i.e., v as a function of f) . Froe this it can 
be inferred that the elastic sodulus will increase as 
velocity increases with frequency*. Knowledge of dynasic 
aoduli would be of considerable isportance in aaterials 
subjected to severe dynaaic loads, e.g., coaposite fan 
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bladas. 

Tba «bov**ditciiBt«d factors ultlsstsly convsr^o to 
•obaaco aatsrial spaclflcation* rsllabllity assucanca, and 
Inspaction* Tbo afsilablllty of NDB to aicartain ylald 
stranqtb, bacdnass, alscostcuctucs, atc«, can bacoae a pciaa 
elaaaat in assuring that a structura asats stringant 
strength specifications aban necessary. MDE for aaterial 
grading and reliability assurance would certainly generate 
cost and safety benefits that outaaigh the cost of aethod 
davelopaent and adaptation. 

SUNNART AND COECLUSXON 

Applications of ultrasonics to direct nondestructive 
evaluation (NDE) of aaterial strength properties were 
reviewed. It was shown that probing with ultrasonic waves 
will yield seasureaents of elastic soduli, aicrostructure, 
hardness, toughness, tensile strength, and shear strength 
for a wide range of aatarials (including aany types of 
aatals, ceraaics, and fiber coaposites) . The review also 
indicated that: 

(1) Reliability assurance should begin with NDE to 
verify aaterial strength even in the absence of overt 
flaws particularly in critical high strength 
coaponents. 

(2) Failures caused by processing errors, inherent 
aaterial deficiencies, or strength degradations in 
service can be reduced by application of advanced 
ultrasonic sethods. 



PiGB 23 


(3) Ntt«ri«LB «sr»anlii 9 and acctlBratcd tasting of naw 
aatarials would baaafit fros ultrasonic NDE tachnology 
sines thara would ba lass naad for larga* spacializad, 
and aipansiwa tast spacisans. 

(4) Isproval fiality control during ^harsal and 
sachanical procassing can ba accosplishad by ultrasonic 
Bonitorinq of sicrostructural cbanqas. 

In ordar to isplasant tba ibova concapts* advancad 
tachniqua dawalopaant is raquirad to assura tba availability 
of ultrasonic satbods and davicas for strangth avaluations 
of critical articlas of biqb stranqtb alloys, hiqb 
taaperatura carasics, and advancad fibac coapositas. 
Rasearch raports on tbasa topics ara scares. Tba graatast 
currant naad, tbarafoca, is tba devslopsant of theory and 
sspirical corrslttions that will further establish and 
confira ultrasonic capabilities for direct evaluation of 
satarial strengths. In particular, dsvelopsent of 
relationships based oa solid state and physical acoustics 
theory would be of qraat benefit and would probably extend 
the usefulness of these techniques. Although soae advanced 
ultrasonic sathods have bean created and shown feasible in 
laboratory studies, sore work is needed before these aethods 
can be used on actual parts in processing, assesbly, 
inspection, and aaintenance lines. 
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TABLE X. - FAILURE CAUSES THAT 
GENERATE THE NEED FOR NON- 
DESTRUCTIVE EVALUATION OF 
MATERIAL PROPERTIES 


Faulty procaasing 

Nrong coapoaition 
Xnclualona 

Eabrittling lapurltiaa 
Nrong aatarlal propartlaa 
Caating dafacta 
Sagragatlona 
Poroaity 

Faulty haat traataant 
Faulty caaa hardaning 
Raaidual atraaa 
Faulty aurfaca traataant 
Bueaaaiva grain growth 


Datarloration 

Microatructural changaa froat 
local ovarhaating, 
friction, grinding 
Corroaion or chaaical attack 
Da carburi ration 
Internal oxidation 
Straaa corroaion 
Corroaion fatigua 
Vibrational fatigua 
Radiation daaaga 
Bxcaaa daforaation 
Ataoapharic contaainatlon 
Gaa aabrittlaaant 




TABLE ZZ. - EXAMPLES OP 
MATERZAL PROPERTZE8 AND 
CHARACTERZSTZCS THAT 
CAN BE NONDESTRUCTZVELY 
EVALUATED 


Machanlcal propartics 

Tanaila aodulua 
Shaar aodulua 
Tanaila atrangth 
Yiald atrangth 
Shaar atrangth 
Fractura toughnaaa 
Hardnaaa 


Matair urglcal factora 

Microatructure 
Grain alee 
Phaae compoaltlon 
Poroalty 
Znelualona 
Hardaning depth 
Raaidual atraaa 
Heat treataent 
Aniaotropy 


ORIGINAL 1‘AtiE IS 
OF POOR QUAfeliy 
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TABLE ZXZ. - RELATZON OF N0NDE8TRUCTZ VE 
EVALUATZON TO DESTRUCTZVE TE8TZNG AND 
NONDE8TRUCTZVE TE8TZNG 


Mat«riali research 


Hardware Inspection 


Destructive 

testing 


Nondestructive 

evaluation 


Nondestructive 

testing 


Materials characterisation! 
verification of properties, 
strength measurement, 
screening 




Flaw detection and character- 
isation, process and fabrica- 
tion control, preservice and 
inservice inspection 


Underlying sciences 


Solid state physics 
dislocation theory 
metallography 


Physical acoustics 
elastic wave theory 
ultrasonics 
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TABLE ZV. - CAPABILITIES OF ULTRASONICS FOR NONDESTRUCTIVE 
EVALUATIONS OF MATERIAL PROPERTIES 


Material 

property 

Ultrasonic 

measurement 

Applicable 

materials 

References 

Longitudinal 

modulua 

Longitudinal 

velocity 

Most 

engineering 

solids 

2, 13, 21 

Shear 

modulus 

Transverse 

velocity 

Most 

engineering 

solids 

2, 13, 21 

Grain sise« 
microstructure 

Attenuation , 

acoustic 

microscopy 

Polycrystalline 
metals , 
ceramics 

13, 20, 24, 
26, 27 



Porosity , 
void content 

Velocity , 
attenuation 

Fiber 

composites , 
ceramics 

44, 46, SI 

Hardness or 

hardness 

gradient 

Velocity , 

velocity 

dispersion 

Polycrystalline 

metals 

28, 29, 30, 
31 

Tensile 

strength 

Ve locity , 
stress wave 
attenuation 

Brittle metals, 
ceramics, fiber 
composites 

2, 13, 45, 
46, 50 

Yield 

strength 

Frequency- 

dependent 

attenuation 

Polycrystalline 

metals 

33, 34 

Fracture 

toughness 

Frequency- 

dependent 

attenuation 

Polycrystalline 

metals 

33, 34 

Bond shear 
strength 

Resonance , 

spectrum 

analysis 

Metal-metal 

adhesive 

bonds 

37, 39, 40 

Interlaminar 

shear 

strength 

Attenuation , 
stress wave 
attenuation 

Fiber 

composites 

CD 
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fRACTURt TOUGHNESS FACTOR. 

Kfj/Oy. AU/m^ 

Figure 1. - Correlilion ol ultrasonic and fracture toughness 
factors. The ultrasonlk. attenuation factor is based 
on measurements of longitudinal velocity, vj. and the 
slope of the attenuation versus frequency curve, Pj. Kjj 
and Oy are the plane strain fracture toughness and 
Q.Zpel'cent yield strength, respectively, as measured by 
destructiie test methods ifig. from ref. 33i. 
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Rgure 2 . - Correlation ol yield strength with fracture toughness via an ultrasonic 
factor. The ultrasonic quantity pj is determined by the slope of the attenuation 
versus frequency curve evaluated at unit attenuation. The quantities A and B 
are experimentally measured ultrasonic constants for a given material. Kj^ and 
Oy are plane strain fracture toughness and 0 . 2 percent yield strength, respectively, 
as measured by destructive tests ifig. from ref. 33). 
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Figure 3. - Correlation of Interlaminar shear strength 
and ultrasonic shear strength estimator. The above 
calibration curve was developed for graphitefpolyimide 
fiber composite laminates. The ultrasonic shear 
strength estimator, t'. is based on velocity and stress 
wave attenuation measurements. The interlaminar 
shear strength, t. was obtained from short beam 
shear destructive tests ifig. from ref. 48). 


